The paper consolidates the findings of a number of projects recently completed at SL Ross that provide new information on dispersant use, particularly in the area of vessel-based application systems. Included are discussions of: 1) various advantages that vessel-based systems have over aircraft-based systems in certain spill situations; 2) comparison of application platforms over a range of spill scenarios 3) recent research on single nozzle dispersant application systems for use on vessels; and 4) a recent study showing the potential inefficiencies associated with the application of popular modern dispersants in diluted form.
on the subject. Nonetheless, some very well documented experimental spills have involved measurement of either thickness or volume/area Chau, 1986, Lunel and Lewis, 1993; Lewis et al., 1995; Walker et al., 1995; Brandvik et al., 1996) and these indeed show that oil spills at sea, even relatively small ones, do tend to stay relatively thick (> 1 mm) for long periods of time.
Implications for Dispersant Application
This issue of slick thickness is of great importance in regard to dispersant operations. Large aircraft can apply enough dispersant in one pass to treat about 0.10 to 0.30 mm of slick at a dispersant-to-oil ratio (DOR) of 1:20. By wrongly assuming that oil spills are uniformly very thin and very large in area, one is led to believe that a large aircraft system can dose a fairly large spill (spread out with uniform thickness of 0.10 mm) very quickly. This is because almost all flying time at site is spent in spraying the large slick area and not in repositioning and turning around. Considering the same large, uniformly-thin slick, the use of vessels for applying dispersant is not at all attractive because the slick takes more than ten times longer to treat. This is because vessels travel at less than one-tenth the speed of large aircraft.
There is now a growing awareness that this one-pass concept for aircraft dispersant application is inappropriate, and that a multi-pass approach is the only possible way of completely dosing the thick portions of marine spills. This means that aircraft might need ten, twenty, or more passes, depending on the slick thickness. Although each pass over the thick oil would take only seconds, the aircraft re-positioning would take up to a few minutes depending on the shape of the spill and the turnaround pattern of the aircraft (180° or 360° turns). These minutes add up considering that many repeat passes are needed to treat the thick oil. This does not mean that the aircraft-based operation is not possible, but rather that it is not as quick and efficient as implied by the 0.1 mm slick/one-pass method discussed above.
Because the target oil is relatively thick and small in area, the use of vessels now makes sense in many ways. For the 1000 m 3 spill mentioned above, the thick portions might have a total area in the order of 0.4 km 2 . It can be shown that a vessel traveling at about 10 knots with a spray swath of about 25 metres can completely treat these thick portions in about 50 minutes, plus the time needed to move from thick patch to thick patch. This is not very different than the time needed by the aircraft to treat the same spill (time mostly spent in repositioning). Another important advantage of the vessel-based approach is that thick portions of a spill can be treated in a single pass, whereas the aircraft must use several passes, each time positioning itself to hit the same oil again and again until the slick is completely dosed. This is a difficult task operationally. For the vessel, because its speed through the slick is relatively slow, only a modest sized pump and spray boom width are necessary to completely dose even relatively thick slicks in one pass. For example, a vessel traveling at 10 knots, having a spray swath of 25 m, and a dispersant pump capacity of 760 L/min (200 gpm), can totally dose a 2-mm thick slick in one pass at the recommended DOR of 1-to-20. If the slick is thicker, the vessel can slow down to achieve an even higher dose rate.
Although both aircraft and vessel-based methods of slick treatment would require the use of overflying spotter aircraft to guide the operation, it is reasonable to believe that the vessel-based operation would be more efficient and have more control in treating identified target slicks.
In summary, from the point of view of application alone, vessel-based dispersing systems appear to offer certain advantages over aircraft-based systems for certain spill situations.
POOR DESIGN OF EXISTING VESSEL-BASED SYSTEMS
Most vessel-based systems have been designed using the concept of the "uniform 0.1 mm slick". To treat a 0.1 mm slick at a DOR of 1-to-20 requires a dosage of about 5 gallons per acre or approximately 50 L/ha. This is perfect for aircraft systems because that is about all they can deliver with a high capacity pump. But there are major problems for vessels. Because vessels are much slower than aircraft, they must reduce their pump rates to low settings to deliver dispersant at a dosage of 5 gal/acre. When applied in concentrated form (or in "neat" form) this leads to dribbles out of nozzles, or if small-diameter nozzles are used it leads to a very fine spray that is lost to the wind. The only way out of this has been to dilute the dispersant in a high flow of water (usually at about 10% dilution) and use the resulting spray of primarily water droplets (of approximate diameter 0.5 mm) to carry the dispersant to the slick. This questionable method of delivering dispersant to slicks is discussed later in the paper; the main point to make here is that the situation rules out the use of vessels for large-spill duty because the rate of dispersant delivery is so low. This would not be the case if the thick slick were the target. In this situation, the vessel-based pumping rates could be increased, concentrated dispersant could be used, and the necessary dosages needed could be achieved. This is demonstrated in the following example taken from a study on the use of dispersants on hypothetical tanker spills in Prince William Sound.
NEED TO UPGRADE EXISTING VESSEL-BASED SYSTEMS Study of Dispersant Use in Prince William Sound, Alaska
To evaluate dispersant application platforms one scenario is selected from a detailed study of dispersant issues in Alaska that was completed by SL Ross in 1997. The scenario involves a 10,000 m 3 (63,000 bbl) spill of Alaska North Slope (ANS) crude oil that occurs in July in Prince William Sound about 30 km (16 n. miles) south of Valdez. A computerized spreadsheet was developed to calculate the logistics involved in the dispersant application platforms arriving at the staging area, loading dispersant, moving to the spill, spraying their dispersant and returning to the staging point.
In this paper we use the scenario to compare the performances of (1) the largest aircraft-based dispersant platform (the C-130 Lockheed aircraft with the Airborne Dispersant Delivery System (ADDS)); (2) an existing vessel-based system with low dispersant pump rate and low payload (similar to many found around the U.S. and the world); and (3) an upgraded version of the same vessel with much larger dispersant pumping capacity and payload.
The results of the exercise are shown in Tables 1, 2 and 3. Table 1 describes the key properties of the spill as determined using the SL Ross Oil Spill Model. The arbitrary assumption is that the oil will not be dispersible after the oil spill reaches a viscosity of 2000 cP. Table 2 shows the key specifications of the platforms selected. The differences between the two vessel systems are highlighted in bold. Table 3 shows the results of the exercise. It is seen that one C-130 system could deliver about 270 m 3 (1700 bbl or 71,000 gallons) of dispersant in the time available to treat 52% of the original oil (33,000 of 63,000 gallons) at a dispersant-to-oil ratio of 1-to-20.
The results are much worse for the conventional vessel-based system. Each vessel system is able to apply only 26 m 3 of dispersant or treat about 5% of the spill in the time available. The poor result is mostly due to the low payload of the vessel system, namely 1000 gallons (3.78 m dispersant pump rate is very low (12 gpm), so more time is spent on site in spraying than is necessary (1.4 hours).
It is clear that much better results would occur if the vessel were upgraded in terms of payload capacity and dispersant pump rate, as shown in Table 3 . The upgraded system has the capability of treating the entire spill in the time available. The primary effect of the increased payload is to minimize the time spent by the vessel traveling to base to pick up additional supplies of dispersant. The ideal situation would be for the vessel (or vessels) to have enough product on board to treat the entire spill, or at least to have enough product to complete a full day's operation during daylight hours. If the capacity of the dispersant pump were 200 gpm (to fully treat 2-mm thick slicks) and operated for 12 hours at this rate, the amount of dispersant needed would be 144,000 gallons or 3400 barrels or 550 m 3 . This would be enough dispersant to treat a 68,000 bbl (10,000 m 3 ) spill at a DOR of 1-to-20, assuming no inefficiencies. This is a large volume of dispersant, but not a great volume in terms of tankage for vessels. Supply ships and oil spill response vessels can often accommodate such volumes, either in their own holds or by the use of ancillary storage units. The results in Table 3 show that this one system could easily treat the spill (at a DOR of 1-to-20) with two loads applied over two days. This would involve one return to port at nightfall of the first day to reload. The vessel would be loaded at night and would set sail in early morning of the next day, ready to start spraying at first light, with the help of the spotter aircraft. Assuming that the mobilization time for this system is 8 hours (the same as for the C-130), the time window for the spill once dispersing starts at sea is 81 hours (see Table 1 ), so there is a large cushion of time to accommodate inefficiencies associated with the operation, such as finding and moving from thick slick to thick slick, trial-and-error experimenting with dispersant flow-rates to accommodate changes in slick thickness, and extra mobilization time to load up the vessel.
Whatever the exact circumstances of the spill and the specifications of the response vessels, the above analysis shows that vessel-based dispersant operations make sense, and would be competitive with aircraft systems if the dispersant payload on the vessel is high and if the spill is not situated so far from the supply base that the time to reach the spill becomes excessive. What "excessive" means will depend on the speed and capacity of the vessel, the spill size, and, of course, the time window available for effective dispersing.
Study of Dispersant Use in the U.S. Gulf of Mexico
Similar but more sophisticated studies of dispersant use were recently completed with reference to spills in the Gulf of Mexico (SL Ross, 1999 and 2000) . The results were basically the same as those discussed above, as summarized below.
Consider a 20,000 barrel spill (3180 m 3 ) of crude oil that has average emulsifying properties. The spill reaches a viscosity of 5000 cp in 55 hours of environmental exposure and a viscosity of 20,000 cP in 96 hours. In terms of dispersant application platforms in the Gulf of Mexico there is a full range, but for purposes here we consider only three: The C-130 with the ADDS package, a DC-4 system, and a high-payload vessel system developed recently by the National Response Corporation. The specifications of these are shown in Table 4 .
The performance of each of these platforms to treat the 20,000 bbl spill located at different distances offshore is summarized in Table 5 . Performance is reflected by the amount of oil remaining at the end of the dispersant application time window (the 72-hour mark in this scenario). Note that the NRC vessel has a capability that is similar to the large aircraft for the spills located 30 to 100 n. miles offshore. The vessel cannot fully treat the spill at the 300-mile distance, because even at top speed the vessel requires 24 hours to perform the round trip to base for re-supply. Therefore at this distance its effective delivery capacity is reduced to less than one-half of its payload per day. The only way around this problem would be to resupply the spraying platform at site using another vessel commissioned for the job.
Conclusion
It is concluded that vessel-based systems are suitable for use in applying dispersant on relatively large offshore oil spills. Vessel-based systems have the advantage over aircraft systems in terms of their cost and availability, their better spray control and accuracy, and their ability to dose thick slicks in one pass. The advantage is lost, however, if the dispersant payload on the vessel is relatively small and the spill is located very far from the base of operations.
SINGLE NOZZLE SPRAY SYSTEMS FOR DISPERSANT APPLICATION
A common complaint of conventional spray-boom systems is that the booms are cumbersome to install and do not work well in rough sea conditions where the roll of the ship can alter the relative angle between the boom and the water surface and dramatically affect spray patterns and dispersant coverage. The other limitation relates to the allowable speed of the vessel. To avoid having the bow wave wash out the dispersant before it reaches the oil-water interface, the vessel's speed must be kept to less than 8 to 10 knots.
There have been several innovations recently which have served to eliminate these two limitations, thereby improving the performance of vessels in dispersant application. One of the best ideas to emerge is to use a fire-monitor system or, rather, a single nozzle spray system. A fire monitor is essentially the swivelling device that connects the fire hose or piping to the spray nozzle. Generally, the use of fire monitors to spray dispersant can double the range of application, and allow the vessel to travel at faster rates. Monitors can provide up to 20 metres (65 feet) of spray swath, while still maintaining uniform drop sizes and drop distribution. The swath can be doubled by having a monitor on each side of the vessel. Fire monitors have the advantage of being low-cost, rugged and easily installed and operated.
The primary deficiency of these systems is their inability to (1) dose oil slicks evenly from the discharge point out to the full reach of the spray pattern, and (2) deliver the product in an appropriate drop size range (250 to 750 micrometer (:m) diameter = 0.25 to 0.75 mm). Standard fire fighting nozzles are generally designed to deliver a stream of water either to a distant point with little fallout near the nozzle, or in a very fine fog mist with minimal reach.
Exxon researchers completed work in the early 1990s to assess both of these issues ( Major et al., 1993 , Major et al., 1994 , Chen 1999 . They found that none of the common fire fighting nozzles provided a suitable spray, but that a reasonable spray could be achieved by placing a wire mesh bag over the end of a straight stream nozzle. This work was done using a single wire mesh type, bag size and shape, and a specific nozzle diameter and flow rate. Not investigated were the effects of the shape of the wire mesh bag, the size of the wire and wire mesh opening, the nozzle diameter, and nozzle flow rate on the drop size and fallout distribution.
A recent study (Belore and Ross 1999) attempted to analyze these factors and identify application nozzles that could consistently deliver the proper spray under a range of application conditions. As a starting point, the wire mesh bag system was tested. The spray from the system was found to be difficult to control and to not have a far reach. This is shown in Figure 2a . It is seen here that most of the dispersant tends to fall out within 5 to 10 metres of the nozzle tip. Following this, a long-throw foam application nozzle (ANSUL AF.002 model FO 1886) manufactured by Wormald Fire Systems in the UK was identified as a possible solution and was acquired for testing purposes. This nozzle was found to be unsatisfactory for dispersant application in its as-delivered form, due to a poor spray volume distribution along its trajectory, as shown in Figure 2b . At this point modifications to the basic design of this commercial product were done, resulting in new nozzle configuration that appears suitable to the task, as shown in Figure 2c . A blunt plate orifice concept fitted with a short discharge tube created the desired drop-size and spray volume distribution. It was also found that by increasing the discharge tube length the spray drop sizes could be increased. This can be used to advantage during windy spray conditions to reduce dispersant loss and improve the ability to place the dispersant on the target oil.
These nozzle tests were completed using a portable fire-pump capable of delivering liquid at about 80 gpm at about 80 psi. This flow is higher than many of the neat spray boom systems currently in use and the spray reach is greater than that of the boom systems (up to 30 metres). The complications associated with educting dispersants into a water flow prior to application (as has been recommended for most fire-monitor type dispersant applications) are eliminated by spraying the dispersant neat through a small nozzle using a relatively low volume, medium pressure pump. It should be possible to scale the single-nozzle, neat-dispersant application spray system to a size suitable for most slick thicknesses and vessel spray speeds.
LABORATORY STUDY TO COMPARE THE EFFECTIVENESS OF CHEMICAL DISPERSANTS WHEN APPLIED DILUTE VERSUS NEAT
Despite the attractiveness of using single nozzle/small pump systems on vessels to treat spills with concentrated or neat dispersant, there continues to be an interest in using standard fire monitor systems for dispersant application. This is because many ships carry firefighting water delivery systems including fire monitors. These usually involve very large pumps and water flows that are not easily throttled down to the flow rates needed for neat dispersant application. In these cases it is convenient to educt the dispersant into the high water flow and deliver the dispersant to the slick in dilute form. Theoretically, it might be expected that neat application would be far more effective than dilute application. This is because dispersant formulations contain solvents that are more oil-soluble than water-soluble. Applying the dispersant in neat form means that there is optimum opportunity for the dispersant to blend and mix with the oil slick. This may not be the case for dilute application where the delivered spray is composed of water containing a small amount of dispersant.
The objective of a recent study (Belore and Ross 2000) was to determine if the application of chemical dispersants in a dilute form is indeed likely to reduce significantly their effectiveness when compared with neat application. A series of large-scale laboratory tests were completed to evaluate the effectiveness of two dispersants, Corexit 9527 and 9500, on Alaska North Slope crude oil when applied neat and diluted with salt water.
The test results indicate that the performance of Corexit 9527, when used on Alaska North Slope (ANS) crude oil, is not affected when diluted with water at a ratio of 1:10. However, the performance of Corexit 9500 on ANS crude, is severely reduced when applied diluted with water. Figure 3 shows the results from two sets of experiments, one in which dispersant was first diluted in water and then sprayed onto the test slick (the "premix" case) and the other in which the dispersant was injected into the main water flow as would be the case in an actual application in the field. In both cases, the results showed diminished effectiveness when Corexit 9500 was diluted with water.
These preliminary results should be considered before using Corexit 9500 in application systems where dilution of dispersant with water is used, such as in high capacity "fire-monitor" systems. (One should also have reservations about using water dilution in winter conditions because of the problem of fine-spray freezing.) Until more is known on the subject single-nozzle application systems is recommended that Corexit 9500 be used in neat form to eliminate the possibility of reduced effectiveness.
OVERALL CONCLUSIONS
Vessel-based systems can be as effective as aircraft in treating a range of offshore spills as long as the spills are not very far from land and spray vessels either hold large volumes of dispersant or can be re-supplied at the offshore spill site by other vessels. An effective method of spraying dispersant from vessels is to use (1) single nozzle systems designed to provide a reasonably uniform spray pattern; pumps of sufficient size to deliver dispersant in dosages sufficient to treat slicks in the one millimetre thickness range in one pass; and (3) concentrated dispersant without dilution in water. Preliminary research indicated that the popular product Corexit 9500 should not be diluted in water prior to application because this causes a significant loss in effectiveness.
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